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HIGHLIGHTS

Droplets can be pinned to solid surfaces at low Ca due to contact angle hysteresis.
The internal circulation of the droplet is observed and quantified by micro-PIV.
The internal flow patterns are simulated successfully with modified VOF method.
The force model for the pinned droplet in the microchannel is built and improved.
The internal circulation intensity of the droplet is found to vary linearly with Ca.

ARTICLE INFO ABSTRACT

We present both experimental results and numerical simulations of the fluid dynamics of a droplet pinned to the
hydrophobic surfaces of a confined microfluidic channel, as a result of contact angle hysteresis. Internal cir-
culations in the droplet are observed and quantified using micro-particle image velocimetry (uPIV). As the
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D‘iC‘plet o channel inlet velocity increases, the difference between the contact angles at the front and the rear part of the
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Micro-PIV contact line is also increased, while the equilibrium Young’s contact angle remains essentially constant.
1Cro-.

Numerical simulations based on a Volume-Of-Fluid (VOF) method combined with a Laplacian filter for the phase
function are also performed to consider contact angle hysteresis effects. Major quantities from the simulations,
including the velocity distribution inside the droplet, the contact angles, and the vortex structures, show good
agreement with experimental results. In addition, force balance models of the pinned droplet have been built for
various inlet conditions, indicating that the adhesion force at the side walls and the blockage of the droplet have
significant effects on the liquid motion within the droplet. The recirculation flow rate inside the droplet is found
to vary linearly with the Capillary number.

Volume of fluid

1. Introduction

Droplet dynamics during viscous flow of an immiscible fluid is a
characteristic feature of numerous applications including self-cleaning
surfaces [1], cell movement in blood flow [2], membrane emulsifica-
tion [3], water removal in fuel cells [4], spray coating [5], and petro-
leum engineering [6]. In addition, scientific interest in droplet-based
microfluidics has been rapidly growing over the past few decades be-
cause droplet motion on solid surfaces is widely controlled for

applications that involve droplet generation, mixing, and manipulation
[7,8].

A liquid droplet attached to the solid surface within an immiscible
channel flow exhibits various dynamic behaviours because its static
contact angle is subject to a hysteresis effect. The latter is characterized
by a spectrum of contact angles ranging from the advancing contact
angle (64) to the receding one (6g), while the difference between the
two (64 — 6g) is a measure of the contact angle hysteresis [9]. Because
the droplet is exposed to a channel flow, the external drag force acting
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Nomenclature
Nomenclature
e direction vector
n normal vector
A area, m?
Bn Bond number
Cp drag coefficient
Ca Capillary number
Co Courant number
Ey projection area, m?
F force, N
g gravity acceleration, m/s?
H channel height, m
h droplet height, m
P pressure, Pa
Q volume flow rate, m3/s
r radius of droplet, m
Re Reynolds number
S contact line, m
t time, s
U velocity, m/s
We Weber number
X, ¥,z Cartesian coordinate system, m

Greek Symbols

phase fraction

grid size, m

surface/interface tension, N/m
curvature

viscosity, kg/(m s)

density, kg/m?

contact angle, deg
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Superscript
i quasi-state
Subscript

advancing

equilibrium

inlet condition

liquid

mass center of the droplet
wetting phase

receding

reversed flow

solid

non-wetting phase
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on its surface modifies the adhesion force on the contact line, whose
effect is compensated by the contact angle hysteresis and the surface
tension of the droplet fluid. Therefore, the droplet may deform by al-
tering the contact angles at the contact lines. If the velocity of the
channel flow is small enough, so that the contact angle of the droplet
lies in the range between 64 and 6, the contact line will remain in a
stationary condition and the droplet will be pinned to the surface.
However, as the external force increases and the contact angle exceeds
that range, the droplet will roll, slide, oscillate, or even break up into
smaller ones [10-12].

The determination of critical conditions for different models of
droplet motion on a solid surface has been widely studied in the lit-
erature. For example, the critical Capillary number for drop removal
has been experimentally found to be a function of the contact angle
hysteresis, the channel dimensions, the surface tension force, the visc-
osity ratio, the initial shape of the droplet, and other factors [13-19].
Thampi et al. [20] investigated the motion of a two-dimensional (2D)
droplet on an inclined surface. Under gravity conditions, the authors
characterized the sliding versus the rolling motion of the droplet by
decomposing the velocity gradient inside the droplet into a shear flow
and a residual flow. Cho et al. [21] analyzed, both numerically and
theoretically, water droplet dynamics in a gas flow channel, and an
expression relating the Weber number (We = pU?r/y) to the Reynolds
number was developed by comparing the wall adhesion and drag
forces. Xie et al. [22] theoretically established two criteria to determine
the onset of drop sliding and rolling, including dimensionless numbers
such as the Bond number (Bn = (p; — p,)gr?/y), the Ohnesorge number
(Oh = u,/(Jear)), and the Weber number, as well as the inclination
angle. The motion mode was found to depend only on the equilibrium
contact angle (6g), where droplet rolling occurred at 6 > 147°.

Apparently, most studies available in the literature focus on the
overall movement or the shape deformation of the droplet. However,
the internal flow patterns of the droplet, which are of vital importance
for accurate fluid handling in droplet-based microfluidic devices or
relevant systems [23], have not been adequately investigated. Anna-
pragada et al. [24] studied the rolling motion of a droplet down an
inclined plane using a 2D Volume-Of-Fluid (VOF) Continuous Surface

Force (CSF) model that was found to predict well the experimentally
determined terminal velocity and the shape of the droplet. Although the
results reported the droplet rolling phenomenon, the detailed velocity
vectors inside the droplet were not obtained experimentally. The in-
ternal fluid dynamics of a water droplet on an inclined hydrophobic
surface were also examined by Yilbas et al. [25,26], using particle-
image-velocimetry (PIV) and high-speed imaging. The influence of
droplet size and inclination angle on the droplet rotational speed were
examined, providing very useful information on the droplet velocity
field. However, the droplet motion regime on an inclined surface is
different than that in a typical microchannel. The main difference is
attributed to the driving force of the motion, which is gravity for the
inclined surface and the drag force induced by the surroundings for
microchannel flow. Furthermore, because of the low Eo6tvos number
[27], the force of gravity in micro-scale applications can be neglected if
the droplet diameter is on the order of a few hundred micrometers.
Zarikos et al. [19] investigated experimentally the velocity distributions
in trapped and mobilised non-wetting phase globules in porous media.
The authors demonstrated that the interplay of capillarity and mo-
mentum transfer between the two fluid phases, is the main factor in
internal recirculation of the globule that is more pronounced at
fluid—fluid interfaces. Kinoshita et al. [28] measured the internal flow
of a small droplet traveling through a microchannel generated from a T-
junction using a confocal micro-PIV system, which indicated that the
fluid inside a droplet circulates intricately. A similar test for such a
physical model was performed by Liu et al. [29] for micro-droplets
traveling in a microchannel, while internal recirculation patterns have
been also observed in segmented multiphase flow conditions [30].
This study examines the deformation and the fluid dynamics inside
a water droplet adhering to the hydrophobic solid surfaces of a confined
micro-channel. A micro-PIV system is used to measure the internal fluid
dynamics of a water droplet, from the pinned state to the occurrence of
droplet mobilisation. The internal rotation of a droplet pinned to hy-
drophobic surfaces is experimentally observed and quantified.
Numerical simulations are also performed using a VOF method. The
accuracy of the numerical models is assessed by a comparison of key
quantities with experimental results. A force analysis is performed for
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the pinned droplet under various inlet conditions. The rest of this paper
is organised as follows: In Section 2, the experimental method is in-
troduced. In Section 3, the droplet motion obtained by experiments and
some physical insights are described. In Section 4, the numerical ap-
proach is described, and some numerical parameters are provided. In
Section 5, the numerical results are discussed and compared with the
experiments. A force balance analysis is performed, and the intensity of
the internal circulation of the droplet is studied in Sections 6 and 7,
respectively, based on the simulation results. The paper closes with
some key conclusions in Section 8.

2. Experimental method

The experiments were conducted in a T-junction micromodel made
of polydimethylsiloxane (PDMS) that was fabricated based on a stan-
dard soft lithography technique [31,32]. A schematic representation of
the micromodel is shown in Fig. 1(a). The height and depth of the
channel are 200 and 50 um, respectively, resulting in an aspect ratio of
4 for the channel cross-sectional area. The length of the channel from
the T-junction to the drain exit tube is 20 mm. This allowed the desir-
able formation of a droplet, while also providing adequate length for its
subsequent observation.

The channel was initially saturated with the wetting phase
(Fluorinert FC-43, 15 mN/m, 1860 Kg/mg, 4.7 mPa's) and then, the non-
wetting phase (distilled water, 72.8 mN/m, 998 Kg/m3, 1 mPa's), was
slowly introduced through the T-junction. The droplet generation pro-
cesses resulted in a flat ellipsoidally shaped droplet that was attached to
the upper wall of the channel with its principal axis parallel to the
channel, as shown in Fig. 1(a). This phenomenon is possible during the
breakup process when the continuous phase momentum and viscosity
are considerably higher than the discontinuous one [33,34]. Directly
after the water droplet was pinched off, the feeding of the micromodel
was briefly paused from both entries to create stagnant flow conditions,
thereby generating a hydrophobic droplet inside the confined micro-
fluidic channel. The flow rate of the wetting phase was then gradually
increased until mobilisation of the water droplet occurred.

During each steady-state flow condition, the local velocity dis-
tributions inside the water droplet were obtained with a LaVision
micro-PIV system equipped with a Carl Zeiss AxioObserver.Z1 micro-
scope. The water was doped with fluorescent rhodamine 6G particles
with a diameter of 0.86 um and a density of 1.05kg/m>. A schematic
representation of the setup is shown in Fig. 1(b). The fluorescent par-
ticles were excited at a wavelength of 542 nm through a Carl Zeiss HBO
100 illuminator and identified at their emitting wavelength (612 nm)
by an IDS CMOS camera (UI-3180CP; 2592 X 2048 pixels). The velocity
vectors were therefore determined from consecutive image pairs of the
video sequence in MATLAB (PIVlab 1.43 [35]). The frame rate of the
video was adjusted depending on the flow rate so that the maximum
particle displacement in the droplet never exceeded one-quarter of the
final interrogation window [36]. A double-pass algorithm was used to
provide the velocity correlations. An initial window size of 128 x 128
pixels was reduced to 64 X 64 pixels and 50% window overlap. The
final interrogation window size equaled about 12 x 12 ym?, and con-
sequently, the velocity vectors were obtained with a spatial resolution
of 6 X 6 um®. The overall uncertainty in the determination of the ve-
locity components was below 6%.

Because contact angle hysteresis at a solid surface could be attrib-
uted to chemical heterogeneities or roughness, an atomic force micro-
scopy (AFM) test was also conducted to characterise the roughness ef-
fect. As shown in Fig. 2, the PDMS surface used in the experimental
setup is very smooth with a root-mean-square (RMS) and R, roughness
of 1.8 nm and 11.5 nm, respectively. Consequently, the roughness has
been considered to have no influence on the contact angle hysteresis
[37,38].
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Fig. 1. Schematic representation of the experimental methodology.

3. Droplet motion

The droplet outlines for various Capillary numbers' are shown in
Fig. 3 in the form of experimental streaklines. For all cases, a circulation
of fluids is qualitatively observed inside the droplet, as specified also by
the small arrows in Fig. 3 (a). As the Capillary number, Ca, increases,
the contact line at the front part of the droplet is observed to be pinned
on the surface, while the rear one moves forward (Figs. 3(b)-(g)) as
pushed by the wetting-phase. Such a change in the contact line strongly
differs from the case that a droplet motion is driven by gravity on an
inclined plate [39], where the front contact line starts to move prior to
the rear one as the external force increases. The decrease in contact area
at the wall also leads to an increase in the projection area of the droplet
in the channel flow direction owing to mass conservation. For a higher
inlet velocity, e.g., Figs. 3(h) and (j), a critical Capillary number is
reached and the droplet starts rolling away.

To quantify the droplet motion process, Fig. 4 shows the velocity
vectors and distributions at the middle plane of the channel for various
Capillary numbers. For all cases, the velocity vectors demonstrate a
counter-clockwise rotation inside the droplet caused by the local flow
pattern of the wetting phase. The maximum velocities are obtained at
the throat of the liquid-liquid interface while the intensity of circula-
tion is increased as the wetting-phase flow rate increases. In particular,
for small Ca, e.g. Fig. 4 (a), the flow within the droplet is limited to a
small region along the perimeter of the droplet. However, an increase of
Ca leads to an inward evolution of the flow circulations. For example,
Fig. 4 (d) indicates a region with a backward velocity at the non-wet-
ting phase — solid interface. Similar results were reported by Zarikos
et al. [19].

The deformation of the droplet as the wetting-phase velocity in-
creases can be clearly observed in Fig. 5, which shows the superposition
of liquid-liquid interfaces at different Capillary numbers. Interestingly,

! The Capillary number is defined as:

Ca =, U/ Y- €h)

where u,, and U, are the dynamic viscosity and average inlet velocity of the
wetting phase (FC-43), and y,_,, is the interfacial energy between wetting (w)
and the non-wetting phases (nw).
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(b) Surface roughness along the marked line on the above
scanned surface indicating an RMS roughness value of 1.8nm

Fig. 2. Characterisation of PDMS surface.

the rear part of the liquid-liquid interface experiences an imbibition
process while the interface at the front part of the droplet is pinned over
the complete range of subcritical Capillary numbers. This forces the
droplet to spread out towards the bottom of the channel with a drainage
interfacial process in the region of higher velocity magnitude. These
trends are in agreement with Zarikos et al. [32] who also observed a
similar behaviour of the liquid-liquid interfaces during the deformation
and mobilisation of trapped non-wetting phase ganglia.

To quantify the overall droplet behaviour, Fig. 6 (a) shows the
variation of the various contact angles against Capillary number. Gen-
erally, as Ca increases, the advanced-front contact angle, 8}, increases
and the rear one 65 decreases (i indicate the case where the droplet is in
steady or quasi-steady state). However, the equilibrium Young’s contact
angle, 6, calculated by the model of Tadmor [9], is found to be almost
a constant at about 126° for all cases, including both pinned and rolling
flow situations. Note that this value is very close to the empirical
equilibrium contact angle of 128.1° calculated from Young’s equation
(cosr = ¥,y — Yseyu)/ Yuw—vw) combined with the following empirical
model for the solid-liquid interfacial tensions [40]:

Yo=Y+ 7 — 200K @)

with @ equal to 0.75 and 1 for the solid-water (®;_,,) and the solid-FC-
43 (®,_,,) interfaces.
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Fig. 3. Variation in droplet shape as the Capillary number is increased stepwise.
(a)-(f) Fixed contact line with time; (g) and (h) moving contact line with time.

When a critical Capillary number is reached, e.g. Ca., = 1.40 X 1073,
the mobilisation process of the droplet takes place and the contact line
starts moving with a contact line velocity. This is because the difference
between 8} and 6} exceeds the contact angle hysteresis when Ca > Ca,,,
which breaks the force balance, as also shown in Fig. 6 (b). As Ca in-
creases, 6, — 0% monotonically increases to balance the drag force in-
duced by the surrounding flow. However, the contact angles abruptly
change during the motion transition from pinning to rolling. Here, it
can also be found that dynamic advancing and receding contact angles
and the contact angle hysteresis for the considered water-Fluorinert-
PDMS interface are about 136°, 116°, and 20°, respectively.

4. Numerical methods
4.1. Governing equations and boundary conditions

All simulations were conducted based on the VOF method using the
open source platform OpenFOAM (v5.0). In the VOF method, the
phases were tracked with a fraction function a (0 < « < 1). For a two-
phase flow problem, the value of awas 1, when a cell was filled with the
disperse phase (here water); when a cell was filled with the other phase,
the value of @ was 0; for a fluid interface in the cell, 0 < a < 1. In this
study, the two fluids were considered to be Newtonian, immiscible,
incompressible, and isothermal. The surface tension force has been
modelled via the CSF method by Brackbill et al. [41], the related
equations can be written as follows:

a_p + V~(pU) =0,

t 3
ap_U + V~(pUU) — V.t =-Vp + yxVa + pg,

o )
Joled
—+ V{aU) + V-(oc(l - oc)Ur) =0

ot )

where y is the surface tension coefficient (interfacial tension coefficient
of water and FC-43 in this study, ) and «x is the curvature of the
interface, given by

ynw—w
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Fig. 4. Velocity distributions at the middle plane of the pinned droplets for
various Capillary numbers.
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Fig. 5. Superimposed liquid-liquid interface and droplet outline deformation
for different Capillary numbers.

x=-V-n. (6)

The quantity f in Eq. (6) is the face-centered interface normal vector
and is given by

Va

n=—.
[Val )
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Fig. 6. (a) Contact angles of the droplet at the contact line and, (b) the dif-
ference between the contact angles for different Capillary numbers. The dotted
ellipse indicates the region when droplet mobilisation starts.

The artificial compression velocity U; in Eq. (5) is written as:

U, = fi-min C,‘ﬂ, max 18 ;
Sy Sy (8)

where ¢ is the mass flux, Sy is the surface area of the cell, and C, is an
arbitrary compression coefficient. The max operation in Eq. (8) is per-
formed over the entire domain, while the min operation is done locally
at each face. The density field in Eqgs. (3) and (4) is described as

p=o0p,, + (1 —ap,, ©)

where p,, and p,, are the density values of the two phases

A microchannel of 200 x 50 X 1600 um?® is chosen as the computa-
tion domain, where the cross section is the same as the test section in
the experimental setup (Fig. 1). Due to the low Reynolds numbers
(Re < 1), the inlet flow of the channel is considered fully developed
with a parabolic velocity distribution. All solid walls are treated as no-
slip and adiabatic. The distribution of the phase fractions at ¢t = 0 is
obtained from the experiments.
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4.2. Numerical details

A major issue afflicting the VOF method is the inherent nonphysical
spurious currents, which are induced by incorrect computations of the
local curvature. To suppress the spurious currents, the following
Laplacian filter introduced by Lafaurie et al. [42], which smoothens the
phase function o [43,44], is used:

n
Dipen %Sy
—_—
Zf:l S

where p and f denote the cell index and the face index, respectively.
Then, the interface curvature in Eq. (6) is calculated with the smoothed
phase function & instead of «. The application of this smoother has been
validated by Hoang et al. [43] to obtain an adequately smooth field for
segmented flows in microchannels.

The PISO (Pressure-Implicit with Splitting of Operators) scheme was
applied for the velocity—pressure coupling. The transient terms in the
equations were discretised using a second-order implicit Crank-
Nicolson scheme. The time step was chosen based on the maximum
Courant number and the criterion for stable Capillary simulation sug-
gested by Deshpande et al. [45]:
At < min[max(107,, 0.1%), Teop,, = 0.1],  where 7, = uAx/c

@ =
(10

and
7, = \JuAx/o. For spatial discretisation, a second-order total variation
diminishing scheme with a van Leer limiter was used.

The main challenge for numerical simulations of droplet dynamics
concerns the accurate description of the surface tension effects con-
trolled by the contact angle hysteresis [46]. So far, many dynamic
contact angle models have been developed, where 6, and 6y are usually
described as a function of the contact line velocity and the equilibrium
contact angle 6z [47,48]. However, for the pinned droplet, where the
contact line velocity is zero but the contact angles at the front (or quasi-
advancing, 6,) and back (or quasi-receding, 6%) parts of the contact
lines still differ from &5 but are in the range of 8, < 6, and &} > &, the
contact angles cannot be directly obtained from the available models.
Therefore, an iterative procedure is used to determine the contact an-
gles for the pinned droplet:

(1) Assume initial quasi-advancing and quasi-receding contact angles
g\, and 6}, while 8, and 6} should ensure the equilibrium Young
contact angle 6 (using the model of Tadmor [9]). This has been
proven by the experiments, as was shown in Section 3.

(2) Impose the assumed contact angles at the contact lines of the dro-
plet, and run the numerical simulation to obtain the movement of
the droplet under a given inlet channel velocity.

(3) If the contact line moves downstream, then increase the difference
between &, and 6} (and also ensure 8z) and go to step 2.

(4) If the contact line moves upstream (though this is physically not
reasonable), then decrease the difference between 6, and 65 and go

Without Smoother

|U| (m/s)

m 0.025
- 0.02
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to step 2. ) )
(5) Iterate steps 2-5 to identify a set of 84 and 6; that enables the
droplet to remain static on the solid surface.

Then, 6, and 6}, are the contact angles at the quasi-advancing and
quasi-receding parts, respectively, which results in the total forces
balance on the droplet, for the considered numerical case. It should be
noted that this numerical procedure can only be used for the simulation
of a pinned droplet. If the droplet moves on the solid surface, a model
for the dynamic contact angle should be used. The criterion of motion
regime is determined by the contact angle hysteresis (64 — 6g), which
depends on the texture and the surface energies of the solid and the
fluid [49,50], and is measured by experiments.

As a three-dimensional (3D) microchannel is considered in this
study, the adhesion forces acting on the side walls may also play an
important role in the droplet behaviour. To quantitatively understand
that effect, the simulations are performed in both two and three di-
mensions. In the 2D simulation, the solid-water interface is a straight
line along the top wall, where 8} and &} can be imposed directly on the
front and rear contact lines, respectively. However, in the 3D simula-
tion, the contact line is much more complex, existing on the top, front,
and back walls. Furthermore, information on the front and back walls is
very difficult to obtain experimentally, as was also pointed out pre-
viously by Fang et al. [51]. Therefore, we divide the contact lines on
each side wall into two parts, according to the coordinate of the cell:
X > X, and x < x,,, where x,, is the location of the mass center of the
droplet on the x—axis. The contact angle at x < x,, is chosen to be the
same as 0} and that at x > x,, is imposed as 8} during the iterations. This
simplified method has also been used in some previous numerical
models [13,14,52] to consider the effect of the contact angle hysteresis.

The flow domains were meshed with uniform hexahedral cells. A
grid sensitivity study was performed to select the proper number of grid
cells. The results of the dependence of numerical accuracy and spurious
current on grid sizes and the validation of the present numerical models
will be discussed in detail in Section 5.

5. Numerical results

As the internal circulation motion of the droplet is sensitive to non-
physical spurious currents, efforts are made to reduce them. The re-
laxation of a 3D stationary droplet from a half-cylinder shape on hy-
drophobic bounded walls (with contact angles of 126°) is simulated first
to evaluate the effect of the Laplacian smoother of the phase field (Eq.
(10)). Fig. 7 shows the vectors of the spurious currents near the static
droplet adhering to a solid wall with and without using the smoother.
The fluid properties are the same as in the experiments, with uniform
numerical grid size H/A = 64 (H is the channel height and A is the size
of each grid cell)). It is found that the magnitudes of the velocity inside
and outside of the droplet decrease obviously when the smoother is

0.015
0.01
0.005
0

With Smoother

Fig. 7. Spurious currents around a static droplet obtained by simulations without and with using of the phase smoother.
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used. The effects of the number of repeated sweeps of the smoother and
the grid size on the magnitude of the spurious currents are further in-
vestigated to choose adequate parameters. As shown in Fig. 8, the
maximum spurious currents in the wetting and non-wetting phases as
well as their averaged values in the droplet decrease monotonically
with the increasing sweep numbers, where the decrease is quite abrupt
for sweep numbers from O to 1. Such a trend is similar to that reported
by Hoang et al. [43] for a 2D, stationary, circular droplet. The effect of
grid size on the spurious currents is also presented in this figure, which
shows that it is less important than the use of the smoother function.
Different grids (H/A = 50, H/A = 64, H/A = 80, and H/A = 100) are
also tested to simulate one of the droplet pinned cases with a channel
flow (Ca = 1.12 X 1073). The effect of grid size on the numerical results
has been found to be negligible as the maximum recirculation velocity
inside the droplet has the same value if three significant digits are kept.
Therefore, a smoothing sweep number of 2 and a grid size of H/A = 64
are used in all remaining simulations in this study.

Fig. 9 shows a typical velocity distribution within a drop pinned to
the hydrophobic surfaces of a microfluidic channel as a result of contact
angle hysteresis for a Capillary number of Ca = 1.33 x 1073. The results
are obtained after the wetting phase flow and the phase field become
stable. Based on the shape, the droplet can be considered static, as the
contact line and the interface locations are both fixed. However, this
does not mean the fluid inside the droplet is also static, as a circulation
flow field can be clearly observed in the middle plane of the droplet,
with a vortex core located in the lower part of the droplet. Such a
phenomenon is in accordance with the experimental observations
shown previously in Section 3. Furthermore, it can be found that all
velocity vectors at the interface are tangential to the interface, which
ensures the stationarity of the droplet shape.

The distributions of the x-component of the velocity, normalized by
the maximum wetting phase velocity, along the vertical line across the
center of the droplet obtained by a 3D simulation, a 2D simulation
(without the front and back walls), and experimental results for
Ca = 1.12 X 1073 are presented in Fig. 10. A similar velocity variation
along y can be found, where the velocity in the droplet is negative
above the vortex core while it is positive below the vortex core. The
maximum local velocity magnitude is located near the water—Fluorinert
interface. Compared to the 2D simulation, the results from the 3D si-
mulation show a better agreement with the experiments. The predicted
droplet cross-section is more circular in the 2D simulation than in the
3D simulation, while both of them have a more circular shape than that
from the experimental observation. This error might be induced by the
simplification of the implementation of the contact angle models at the
side walls. This variation trend is also found in the predicted contact
angles. Fig. 11 presents a comparison of the difference of the quasi-
advancing and quasi-receding contact angles (6}, — 6%) obtained by the
experiments and the numerical simulations for various Capillary num-
bers. The value of (6} — 68}) is shown to increase with increasing Ca-
pillary number, and the 3D simulation results are closer to the experi-
mental ones. The results are higher in the 2D simulation for each case,
as is expected, because the adhesion forces on the front and back walls
are omitted and only the force at the top wall balances the drag force
from the channel flow. The 3D simulations can also well predict the
location of the vortex core of the rotating fluid in the droplet for dif-
ferent Capillary numbers, as shown in Fig. 12. The vortex core moves
slightly upward along the y-direction as the Capillary number in-
creases, and the difference between the 3D simulations and experiments
are within 10%.

6. Force analysis

The force analysis for the pinned droplet is performed based on the
3D simulation results for various Capillary numbers. The forces on the
droplet pinned to the surfaces of a confined microfluidic channel consist
of drag force and adhesion force (surface tension force), as shown
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schematically in Fig. 13. The force of gravity is negligible because of the
small length scale. The drag force, exerted by the wetting phase around
the droplet, is the sum of the pressure and viscous forces:

Firag = Fp + F. (11D

The pressure force arises from the pressure difference between the
upstream and downstream ends of the droplet. If we consider the force
balance in the flow direction (x), the pressure force can be calculated by
using

F‘p,x = éXLﬁPdA, (12)

where €, is the direction vector of the channel flow, and A is the in-
terface area. The viscous force is caused by the gradient of velocity of
the wetting fluid near the droplet surface, the component of which in
the flow direction is calculated by

Fuxe= 8, j; ph,, A-VUdA. 13)

As the droplet contacts top and side solid walls, the adhesion force
consists of two parts. The adhesion force at the top wall can be calcu-
lated by

E xiop =€ f fi cosg,dS — € f fi cos6idS
z V-X,top x CLatop Yow—w A x CLR top Yaw—w R

a4

where CL donates the contact line domain. The adhesion force at the
side walls (front and back) can be calculated by using

Z F;/,x,side = 2(8X -/C.
- ﬁx'./cl

The results of Egs. (11)-(15) have been obtained by the integration
of numerical results of pressure, velocity, or phase fraction values on
each grid cell.

Fig. 14 presents the calculation results of all force components on
the droplet for various Capillary numbers. The net force for each case is
zero, as the droplet is pinned to the surfaces. This also proves the ac-
curacy of the force calculation from the numerical data. For all cases
considered in this study, the driving force is dominated by the pressure
force rather than the viscous force. The viscous force is only 2.07%of the
pressure force for a Capillary number of 2.80 x 10~#, which decreases to
1.66% when the capillary number increases to 1.12 x 1073. The adhesion

fiy,,_,,cos6,dS

Ly > xm.front

i cosB;ds
Yaw—w R ) (1 5)

Lx < Xm, front
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Fig. 8. Variation in the spurious currents for a steady droplet with repeated
sweep times of the smoother function. (Hollow symbols: H/A = 64; filled
symbols: H/A = 50; half-filled symbols: H/A = 100.).
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Fig. 9. Representative velocity vectors inside the pinned droplet and in the
surrounding flow obtained by numerical simulation (U,q =0.09 m/s).
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Fig. 13. Schematic of the forces on a water droplet pinned to the surfaces of a
confined microchannel.
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force induced by the contact angle hysteresis increases with increasing
capillary force to maintain the stationarity of the droplet. The adhesion
force at the side walls is by a factor of about ~6 larger than that at the
top wall, because of the longer contact line at the side walls. This also
explains why a larger error can be introduced by the 2D simulations, as
shown previously in Section 5.

To further investigate the relationship between the drag force and
wetting phase flow velocity, the drag coefficient on the droplet in the
microfluidic channel is calculated based on the following equation:

Eirag
T
pr wtd ae)

where E; is the projected area of the droplet orthogonal to the x-axis in
the channel flow. The drag coefficients are also compared with analy-
tical correlations from literature. It is well known that, if the Reynolds
number governing the flow is low, the drag coefficient is given by the
Stokes drag:

24
Cost = —.
DSt = To a7

where Re = p, U, h/u,, and h is the average height of the droplet. The
Stokes drag is applicable for a creeping flow regime with Re < 0.4.
Including the effect of inertia, Oseen [53] developed a correction to the
Stokes drag:

3
Cp = G 1+ —Re|.
b= Cos(1+ poke) a8

As shown in Fig. 15(a), the drag coefficients obtained by Egs. (17) and
(18) and by the present simulation of Eq. (16) all decrease with in-
creasing Reynolds number. The difference between Stokes drag and
Oseen’s correction is small, as the Reynolds number in this study is
always less than 1, which indicates the inertia force is weak. However,
the drag coefficient based on the present simulation is more than two
orders of magnitude higher than predicted by the correlations Egs. (17)
and (18). This is because these correlations are suitable only for a
droplet in a free-stream flow, but in a microchannel flow, the droplet
size is comparable to the channel size, and the blockage effect of the
droplet on the channel flow should also be considered. Therefore, a
correlation factor should be considered by taking into account the
confinement effect to use these analytical correlations such as Egs. (17)
and (18).

Fig. 15(b) shows the variation in the confinement correction factor
(ratio between the drag coefficients in confined and unconfined flows).
As reported previously by Quddus et al. [54], the confinement correc-
tion factor should only be a function of the ratio of the droplet projected
area to the channel cross-sectional area. As the projected area of the
droplet is found to slightly decrease with increasing Reynolds number,
the confinement correction factor also increases. The confinement
correction factor for the present model increases from 118.6 to 157.3,
when the Reynolds number increases from 0.20 to 0.87. Moreover,
good agreement can be found between the present confinement cor-
rection factor and that by Quddus et al. [54]. It should be noted that in
some recent analytical models [22,21] for droplet motion, the drag
coefficient models were used without considering such confinement
effects. Our study shows that this omission may lead to significant er-
rors when predicting droplet motion in a microfluidic channel.

From the above-mentioned force balance model, the contact angles
of a pinned droplet in a microchannel can be predicted: First, the drag
force can be calculated from information of the channel wetting phase
flow by combining the confinement correction factor and the drag
coefficient models; then, the adhesion force can be obtained according
to the force balance, and the advancing and receding contact angles are
inversely solved from the adhesion force equations (Eq. 14 and 15).
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7. Intensity of the internal circulation

Although the total force acting on the droplet is balanced, a torque
still exists; this torque leads to the internal circulation behavior of li-
quids within the droplet (Fig. 9). Fig. 16 shows the distribution of x-
component of velocity at the vertical cross section of the microchannel
(200 x 50 um) through the mass center of the droplet for Capillary
numbers of 4.20 X 10~* and 1.12 X 1073. For both cases, the droplet is
pinned to the surfaces as a result of the contact angle hysteresis.
Therefore, the velocities at the contact lines are zero, which leads to a
nonuniform angular velocity inside the droplet. The torque analysis
cannot be performed by taking the droplet as a rigid object, as done for
the rolling droplets along the surfaces [25,55]. For the latter case, the
angular velocity has been assumed to be uniform everywhere in the
droplet in previous analytical models. The circulation within the dro-
plet is more complex for the pinned case, as the viscous force inside the
water droplet also has an effect on the circulation intensity. From
Fig. 16, an increase in the projected area of the droplet with the Ca-
pillary number can also be found, which is in accordance with the ex-
periments.
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Fig. 15. Drag coefficient on the droplet and its correction with the blockage
effect on the channel flow taken into account.
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Fig. 16. Distribution of the x-component velocity at the spanwise cross section
of the microchannel through the vortex core for (a) Ca = 4.20 x 10~ and (b)
Ca = 1.12 x 1073, (The black crosses indicate the vortex cores.).
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Fig. 17. Reversal flow rates inside the droplet for various Capillary numbers.

As the droplet shown in Fig. 16 is stationary, the flow rates inside
the droplet in streamwise and opposite directions should be equal (both
volume and mass flow rates, as the water density is considered con-
stant). Fig. 17 presents the variation in the normalized volumetric flow
rate of the reversed flow at the same cross—section shown in Fig. 16 for
various Capillary numbers. As the Capillary number increases, the flow
rate of the reversed flow, normalized by the channel inlet flow rate, is
almost constant. Therefore, the intensity of the internal rotation can be

correlated by the following equation with a good fit:
Q,/Q;, = 0.4345 (19)

Eq. (19) is valid for Ca < 1.2 x 1073 and the R-squared value is 0.987.

8. Concluding remarks

The determination of droplet motion in a microchannel is of great
significance in a wide range of applications in chemical engineering. In
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this study, the fluid dynamics inside a water droplet pinned to the solid
surfaces of a microchannel has been experimentally and numerically
investigated. The internal circulation of the droplet has been observed
by means of a micro-PIV system; this circulation has also been simu-
lated successfully using a modified VOF method.

For small Capillary numbers, the droplet is pinned at the solid hy-
drophobic surfaces, because of the unbalanced surface tension force
caused by the contact angle hysteresis effect. As the Capillary number
exceeds a critical value, the droplet starts to roll along the surface. It is
found from the experiments that, for the pinned droplet, the contact
angle increases at the front part and decreases at the rear part with an
increase in Capillary number. The equilibrium Young’s contact angles
calculated from them, are almost constant.

Spurious currents from the VOF method are reduced by using a
Laplacian filter for the phase function, which makes it possible to si-
mulate the internal circulation flow in the numerical simulations. Major
quantities from the simulations, including the internal velocity dis-
tribution, contact angles, and vortex structures, show overall good
agreement with experimental results. Furthermore, results from 3D si-
mulations agree much better than those from 2D simulations.

A force balance analysis indicates that the adhesion force at the side
walls and the blockage of the droplet of the channel flow may have
significant effects on droplet motion and should not be omitted in
theoretical models. For a pinned droplet, the projected area of the
droplet increases with increasing Capillary numbers, and the circula-
tion flow rate inside the droplet varies linearly with Capillary number.
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